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I. Introduction

Glass is one of the most durable materials commonly made. Both |
the chemical durability and the fracture strength of glass are largely |
determined by chemical reactions occuring at the glass surface. Under
most conditions, it is reactions between the glass and water or aqueous
solutions that are the leading steps in surface degradationUQKWhile !
glass's desirable properties have'madeﬁit a choice material for container
and other "glass wares" for tﬂousands of years, there is ever increasing
interest in its chemical duiability because of new technological uses
such as in optical devices (communication networks, high energy lasers...)

and as a consolidating medium for radioactive waste storage. Because of

the absence of a long history of use for these newer applicatiomns, it is
especially important to have a knowledge of the mechanisms responsible
for the reaction between water and glass in order to design the glass and
to make reliable predictions about the long term behavior of these
materials when exposed to various environments.

The reaction between water and an alkali silicate glass proceeds
through at least two distinct stages. The first is an ion exchange reac-
tion of a hydrogen bearing cation from water with an alkali ion in the
glass(l’z). While there is still some uncertainty about the precise
nature of the hydrogen bearing ion, most evidence indicates it is hydron-
ium (H30+) that is responsible for the ;ransport of hydrogen into the

glass(l). For a soda glass, this ion exchange reaction would be:

Na+ (glass) + 2H20 > H36+ (glass) + NaOH

.
.
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This reaction provides a flux of H30+ ions which interdiffuse with
Na+ ions from the bulk of the glass. The clearest delineation of this
mechanism is given in reference (1).

The second distinct stage in the reaction between water and glass
is the dissolution of the (ion exchanged) glass at the water-glass inter-
face. The mechanisms responsible for this dissolution and the conditions
influencing dissolution rate are not well understood. The basic reaction

is the attack of the bridging oxygen bonds by water via the reaction:

Si -0 -51i+ H20 + Si - OH HO - Si (2)

eventually leading to dissolution.

In addition to the initial ion-exchange and "final" dissolution
steps, evidence 1is accumulating that there is a definable intermediate
step which we have referred to as a transformed surface layer. Evidence
for this transformed surface layer is reviewed in reference (3).

We plan to continue our studies of the ion-exchange and dissolution
reactions and to try and define more clearly the nature of the trans-
formed surface layer. Further, we will try to determine what parameters
(glass composition, ions in solution, etc.) influence the formation of
this transformed surface layer. Since it seems to be this intermediate
step which changes the relatively impervious and protective ion exchanged
surface layer into a porous, easily attacked material, understandingAthe
nature of the transformation and the parameters controlling its rate can
be used both to design more durable glass surfaces and to project the
long-term stability of glasses already in use.

These studies will continue to rely heavily on our facilities for

¥
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nuclear reaction analysis (for hydrogen and oxygen) and Rutherford back-
scattering spectrometry (for other elements) to measure quantitatively
concentration profiles of various elements present near glass surfaces.
During the first two years of our present ONR support we have spent con-

siderable effort refining these techniques for the study of glass sur-

faces and we now have excellent facilities for carrying out these measure-
ments. Because these techniques are quantitative without reference to
standards, and because they allow us to follow the transport of the ele-~
ments active in the chemical reaction by looking directly at changes in
the glass surface (as opposed to trying to infer what has happened to the
glass from analysis of what went into solution), these techniques have
proved very powerful in defining the mechanisms controlling the reaction

between water and glass.

II. Ionic Exchange, Interdiffusion, Transport and Dissolution

Interdiffusion

We have already completed a number of studies of the ionic exchange
process(1’3’4), and others are presently underway. These experiments
generally involved measurement of the elemental profiles (using nuclear
téaction analysis or Rutherford backscattering spectrometry) of H, Na,

Ca, Cs, Sr. . .near glass surfaces exposed to water (or aqueous solutions)
for various lengths of time. These measurements led to the development

of a diffusion model with a transformed surface layer in which ionic

mobilities are much higher than in dry glass(3). This model successfully

describes not only our od; data but also the diffusion potential and




gk

(- aamren
.

resistivity data of Wikby as well as data from other related experiments.

These results indicate that glasses should be categorized into those that
form transformed surface layers and those that do not, with those that
do not being much more durable with respect to both ion exchange and dis-

solution processes.

Electrolysis

If the transport of hydrogen into glasses and alkali out of glasses
is in the form of ions, this process can be modified by applying an exter-
nal electric field. The measurement of the ion currents, changes in
resistance of the glass and the elemental profiles resulting from the ap-
plication of the field can be used to measure ion mobilities and to test
alternative theories for the interdiffusion process(s).

Carrying out these electrolysis experiments quantitatively (i.e.
measuring total charge flows and conduction paths reliably) is proving
deceptively difficult, and we are not yet satisfied with all of our re-
sults. We have carried out a series of measurements in collaboration with
F. Ernsberger at PPG where we are trying to confirm the generality with which
hydronium (H30+) is the ion which carries current and replaces Na+ in a
soda-1lime glass(6). In these experiments, a series of glasses have been
electrolyzed under different anode conditions, and the resulting changes
in the composition of the glass near the anode have been measured. The
goal was to measure directly the number of H and 0 atoms (e.g. 3 H and one

oxygen 1if H30+ is the ion) needed to carry one electronic charge (+e) into

the glass surface.

While making these measurements, we have discovered one can electric-
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ally drive not only the Na ions in a soda-lime glass but also Ca ions.
The Ca ions appear to move only if there are no more mobile ions (e.g.
Na+, H30+) present. These results may be of importance for the modifi-
cation of the optical properties of glass (such as in making optical wave
guides or lenses) because of the large changes in the index of refrac-
tion accompanying changes in bi-alkali ion concentration in glasses.

These results are presently being prepared for publication.

Effects of Ions in Solution

One of the surprising results we have observed is that even in pH
neutral solutions, ions in solution can have dramatic effects on the ion
exchange and dissolution reactions. This is dramatically shown in our
data on the dissolution rate of a commerical soda~lime glass in concen-
trated saline (250 gm NaCl/1lt). vs pure distilled water. The etch rate
under otherwise identical conditions is three orders of magnitude greater
in saline than in water.

Futher, we have begun to study the effects of these salt ions on the
ion exchange process, and we find equally dramatic effects. The pre-
sence of the ions increases both the Na <+ H-ion exchange rate and the
rate of preferential leaching of Ca from the silica network. Indeed, no
preferential leaching of Ca from a commercial soda-lime glass has been
observed when the contact - even for a very long time - is with distilled
water, whereas rapid Ca leaching is observed when the contacting solution
contains NacCl.

We need to carry out additional measurements to try and understand

the mechanisms by which these salt ions enhance the attack of glass by
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water. Further, we have to go back and repeat some dissolution studies,
controlling the contacting solution very carefully. The results we have
obtained to date suggest that dissolution rates in pure distilled water
are much smaller than previously reported, suggesting that previous re-
sults were dominated by effects of ions going into solution from the

glass. Ion beam analysis techniques allow us to measure extremely small
dissolution rates, thus providing the tools necessary to sort this ques-

tion out.

Radiation Damage Effects

We have begun to use ion implantation techniques to study glass
surfaces. Initially, the implantations were noble gases implanted as
reference markers with which to measure dissolutions at the glass surfaces.
We have also carried out some preliminary measurements of ion beam mixing
of thin layers of metals evaporated onto glass surfaces. These ion beam
mixings were stimulated by ion implantation of noble gases. 1In the future
we would like to modify the elemental composition of the near surfa:e
region of glasses by introducing "foreign ions" by ion implantation (or
ion beam mixing) in order to study the effects of these foreign ions on
ionic transport in the glass, structure and dissolution of glass surfaces.

If ion implantation is used to modify the elemental composition of
a gurface, the effects of the radiation damage which necessarily accom-
panies the ion implantation must also be studied. While the severity of
the radiation damage effects depends on the implanted ion, its energy and,
most importantly, on the nature of the implanted material, insulators tend
to be very easily radiation damaged.

We have begun the study the effect of radiation damage on the reac-~




tion between water and glass, starting with what seemed to be the simplest

f : . case, fused quartz. The effects are dramatic. Normally, very little

P P

happens when fused quartz is in contact with water. However, if this *
glass is radiation damaged by even very few ions before being exposed to
water, water rapidly penetrates into the fused silica to high concentrated
ions. While more measurements are needed, perhaps what is happening is
that the bombarding ions create chemically very reactive defects (oxygen
vacancies?) which react with the water.

We also have begun to study these effects in the more complicated 1
case of an alkali silicate glass where we find the damage influences both
the ionic transport and dissolution mechanisms.

These radiation damage effects are intrinsically interesting and {

- need to be studied. However, one of our prime interests is to use ion

implantation to modify surface compositions. From this point of view,

Nz )

radiation damage is an unfortunate complication. Hence, our next step

will be to explore various annealing procedures with the goal of removing

- . e oy

i,‘ ' the radiation damage without allowing the implanted iomns to diffuse away.
We hope that this goal can be reached with a conventional thermal anneal-

ing cycle. If a rapid cycle is needed, laser, electron or ion beam

»
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annealing are possible, but there appear to be problems associated with

| these methods which would restrict the range of their application.

Durability of Fluroide Glasses - Another Ion Exchange Mechanism?

' ' A number of materiais are fluoride ion conductors; these include both
] . fluroide glasses as well as some crystalline materials such as PbFz. 1f
such a material is exposed to the atmosphere and atmospheric water, ome

may expect an F_ <+ OH ion exchange reaction to occur followed by the

— ‘--4—-.—.. o S
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ionic interdiffusion of OH into the glass and F out. The reaction would

be
H20 + F (glass) » HF + OH (glass).

In a post-deadline paper at the Cincinnati Meeting of the American
Ceramic Society, Simmons et al (Catholic University) presented data on
the reaction between water and fluoride glass. Their method was to analyze
what went into solution. They found that the solution became more
acidic as the reaction proceeded. We have measured hydrogen concentration
vs depth for one fluroide glass exposed to air, and we find a concentra-

tion profile consistent with ionic interdiffusion of F with OH with

DOH/DF = 10.

v
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II. Accomplishments

Publications

Work completed and prepared for publication from October 1980 -
August 1981) is included in the following list of publications. 1In
addition, descriptions of some research projects in progress but not

yet published are contained in the 1980-81 Annual Report of the SUNY

Glass Study Group.

A, Analysis with Heavy Ions

W. A. Lanford
In Heavy Ion Science, D. Allan Bromley editor
Plenum Press, New York (to be published).

B. Nuclear Reaction Analysis for Hydrogen

W. A. Lanford 1
Invited paper to appear in Proceeding, Symposium on
Advanced Techniques for the Characterization of Hydrogen
in Metals, The Metallurgical Society of AIME Meeting,
October 11-15, 1981, Louisville, Kentucky.
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C. Nonequilibirum Water Permeation in SiO2 Thin Films

R. Pfeffer, R. Lux, H. Berkowitz, W. A. Lanford and C. Burman
Journal of Applied Physics 53 (1982) 4226.

D. Measurement of Three Dimensional Distributions of Hydrogen in
Thin Samples Using the 15y Hydrogen Profiling Method

W. A, Lanford and C. Burman

Proceeding, International Symposium on the Electronic Structure
and Properties of Hydrogen in Metals, March 4-6, 1982,

to be published.
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E. Application of Ion Beam Techniques to the Study of Glass Durability:
Enhanced Dissolution in Saline and Radiation Effects

C. Burman, Wang Ke-Ming and W. A. Lanford
Scientific Basis for Nuclear Waste Management, S. V. Topp, editor,
North Holland, New York (1982) 641.
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Hydrogen Content of a Variety of Plasma-Deposited Silicon Nitrides

R. Chow, W. A. Lanford, Wang Ke-Ming and R. Rosler
Journal of Applied Physics 53 (1982) 5630.

A Technique for the Quantitative Measurement of the Three
Dimensional Distribution of Hydrogen in Solids

W. A. Lanford and C. Burman
Applied Physics Letters 41 (1982) 473.

Reaction of Water with Glass: Influence of a Transformed
Surface Layer

R. H. Doremus, Y. Mehrotra, W. A. Lanford and C. Burman
Journal of Material Science (submitted).

Hydration of Soda-Lime Silicate Glass: Effect of Alumina

T. A. Wassick, R. H. Doremus, W. A. Lanford and C. Burman
Journal of Non-Crystalline Solids (accepted).

Radiation Damage Enhancement of the Penetration of Water into
Silica Glass

C. Burman and W. A. Lanford
Journal of Applied Physics (submitted).

Effects of Salt Ions on the Reaction Between Water and Glass

C. Burman and W. A. Lanford
Journal of American Ceramic Society (submitted).

Nuclear Reaction Analysis of Glass Surfaces: The Study of
the Reaction Between Water and Glass

W. A. Lanford, C. Burman, R. H. Doremus, Y. Mehrotra and T. Wassick
To be presented at the Conference on Advances in Materials
Characterization, University Series on Ceramic Science,

August 15-18, 1982, Alfred, to be published in Proceedings.

Influence of Ion Implantation on the Reaction Between Water
and Glass

C. Burman and W. A. Lanford
International Conference on Ion Beam Modification of Materials,
September 6-10, 1982, Grenoble, France, Nuclear Instruments and
Methods (accepted).
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Because these papers are available, we will not report here a full
description of these research efforts. Instead, we will provide a very
brief outline of where the research reported in these papers fits within
the overall goal of our research. Abstracts of these papers are attached

to this report.

Development of Ion Beam Analysis of Glass Surfaces

The goal of our research effort was to further our knowledge of the
mechanisms responsible for the reaction between water and glass. We
planned to do this making special use of nuclear reaction analysis
(especially for hydrogen analysis) and Rutherford backscattering to mea-
sure changes in the elemental composition near glass surfaces as a re-
sult of reactions with water. Hence one of our first goals was to put in
place at SUNY/Albany the necessary analysis chambers, etc., to carry out
these analyses and to refine these techniques to take account of the
special problems associated with ion beam analysis of glass. The geheral
principles and application of these techniques are reviewed in two papers
(A, B). Paper E discusses the combination of ion implantation and ion
beam analysis to study interdiffusion and dissolution and briefly des-
cribes some of our very surprising results as to the effect of salt in
solution and radiation damage on the reaction between water and glass.

One of the important accomplishments in the development of these
ion beam analysis techniques was not anticipated. During the preparation
of paper B, we realized that we could develop a technique for measuring
full three dimensional distributions of H in solids by forming autoradio-
graphs of the lateral distribution of H. This new method is described

in papers D and G and is potentially of great importance in the study of

stress-corrosion induced fracture in metals and ceramics.
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In paper L we describe carefully the application of high energy
ion beam analysis to the study of glass surfaces with emphasis on the

unique capabilities of these techniques.

Study of Transport into Glass Surfaces

One of our main research efforts was to use ion beam analysis to
measure the concentration profiles of the constituents of glass as a
function of hydration time. Papers H and 1 describe some of these re-
sults, and more measurements are in progress. These data confirm that
the ionic exchange and interdiffusion are the first steps in the reaction
between water and all these glasses, but that this ion exchanged surface
layer can undergo a structural transformation. This model is described
in paper H, where both our data and the results of others are considered.

The next natural progression in this research is to try to refine our
understanding of this transformed surface layer and determine what para-
meters govern its formation.

We have also started measurements of where ions have been driven into
the glass surface by an applied electric field. These electro-migration
experiments show that Na and H ions can be driven electrically, as expected.
In addition, if there are no more mobile charge carriers available, Ca
ions will also migrate in an applied field. These experiments are being
carried out in collaboration with F. Ernsberger and will be presented at
the 1982 Fall Meeting of the Glass Division of the American Ceramic Socilety.

We have also begun to study the diffusion of water into 5102. To
date, only measurements are for SiO2 thin films grown on silicon and are

published (paper C). We also have data at low temperatures (<100°C) for

water diffusing into fused quartz. These experiments are difficult because
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of the very low levels of hydrogen (A lppt atomic) even in saturated
films. Measurement of these profiles required significant improvement

in the sensitivity of our 15N hydrogen profiling procedure.

Effects of lons in Solution on the Reaction Between Water and Glass

One of the unanticipated results of our application of ion beam ‘ i

techniques is that ions in solution, even in pH neutral solutions, have

a dramatic effect on the reaction between water and glass. These results

are discussed in papers E and K. Concentrated solutions of NaCl increase

the etch rates of commercial soda-lime and borosilicate glasses by at

4 AVt o

least three orders of magnitude over the rates in distilled water. In
soda-lime glass, the ions also greatly increase the preferential leach-

ing of Ca and Na from the glass surface.

Radiation Effects

Because of our u-e of ion implantation to introduce reference markers :

for dissolution studies and because of our desire to modify surface com-

positions of glasses by ion implantation, we need to study the effects of

the radiation damage which necessarily accompanies this implantation.

Even in the simplest silicate glass, fused quartz, the effects are drama-

tic. Ion implantation of even very few ions dramatically increase the i

penetration of water into this glass. This effect is deacribed briefly i

in paper E and in detail in paper J.
We have also begun experiments with a commercial soda-lime glass,

and these results are reported in paper M.

WD WP Y AP e
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Etching of Amorphous Silicon Nitride

Paper F reports on the hydrogen content of amorphous plasma deposi-
ted silicon nitride made in a wide variety of reactor designs. The inter-

esting observation is a correlation between dissolution rate and hydrogen

content with etch rates varying over 3 orders of magnitude.
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IV. Technological Significance

The discussion above is intended to give a general overview of our
research results within the context of basic glass science and the ques-
tion of the reaction between water and glass. However, because the
reaction between water and glass has so many important technological con-
sequences, we also wish to comment on the technological significance of

some of our findings.

Fundamental Mechanisms

Most important is the realization that only if we develop an under-
standing of fundamental mechanism, can we hope to reliably predict effects.
Glass (even when considering common silicate glasses) is a very varied
material. If we can understand the fundamental mechanisms for tramsport
in glasses and for the attack of the S$Si-0-Si network, we have the hope
of predicting behavior over the full spectrum of glasses from remarkably

durable SiO2 to soluable simple two component glasses.

Optical Fibers and Optical Devices

Controlling OH

First, nuclear reaction analysis provides a unique method for deter-
mining the kinetics of the transport of water (or OH groups) into glasses.
For many communication applications control of contaminant water was a
crucial ingredient in making low loss fibers. To date, most of the work
on reducing OH concentrations has been empirical. The optimization of
procedures for reducing OH requires a better knowledge of the sources and
transport modes of water in both the glass used to make the fiber and in

its cladding. A number of our studies are relevant to this question.




For example, paper C presents a study of the kinetics of the penetration
of water into SiO2 thin films. We also have data on fused quartz at
lower temperature (90°C) (unpublished). In the future it may be impor-
tant to check that the results obtained for large planar bulk glasses can
be safely applied to optical fiber geometrics. The autoradiograph
technique for measuring lateral profiles of hydrogen (papers D and G)

may make such measurements possible.

Second, the remarkable increase in the saturation level of water in
SiO2 as a result of radiation damage may be important (paper J and E).
Clearly if 8102 optical devices are exposed to defect creating radiationm,
the rate with which they take up ambient water would be dramatically
increased.

Third, the use of nuclear reactions to analyze for hydrogen has
demonstrated that even technologically "clean" surfaces have large sur-
face contaminations of hydrogen, typically 1016 H/cmz. This contamina-
tion persists unless extreme measures (Pulo-10 Torr and special cleaning)
are taken. At present, it is known how to make optical fibers with OH
concentrations of less than parts per billion. At these very low levels,
typical surface concentrations become a potentially important source of

bulk OH.

Fracture and Fatigue

Perhaps the most obvious applications of our results are in the area
of crack growth and fracture in glasses. While the basic ideas of Hillig
and Charles that stress accelerated chemical reactions of water with glass

leads to a sharpening of the crack top are generally accepted, we need a




18

better understanding of these chemical reactions to apply these basic
i principles. We need to know both how the near surface glass is modified
‘é by reaction with water and how rapidly the glass near the crack tip is o

dissolving. The remarkable sensitivity of the dissolution rate of com-

mon glasses to ions in solution (pH neutral solutions) reported in paper

K may cause some reanalysis of crack tip chemistry. Further, the study

of how surface reactions (ion exchange, diffusion and dissolution) are

influenced by stress would be an important contribution to the study of

crack propagation. Unfortunately, it is difficult to maintain significant
, stress on glasses exposed to water or aqueous solutions. Futher attempts

at such stress experiments should be made.

In the future, it may be possible to use nuclear reaction analysis
to measure the actual hydrogen distribution around a propogating crack.

This measurement may be possible making use of the radiographic method

B R

. described in papers D and G, or using microbeam techniques (presently E
: under development). Such in gitu measurements would fill in important

gaps in data concerning slow crack growth. While such experiments are

likely to be difficult, these nuclear reaction techniques for H analysis

are the only ones known which seem capable of even attempting measurement

of such H distributions.

Finally, we have the feeling that there may be a connection between

the dramatic increase in the reaction between water and 8102 as a result

of radiation induced defects (papers J and E) and in the increased reac-

]
is

tion rate at the high stress region of a propagating crack. On a micro-

scopic level, the crack tip can be considered as an extended defect.
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Perhaps if we understand the chemistry of the radiation induced defects,

we may gain some insight into the chemistry at propagating crack tip.

Long Term Durability of Rad-Waste Glasses

Much of our research has direct implications for the design and
evaluation of glasses proposed to consolidate radioactive wastes. First,
our furthering of the understanding of the ion exchange and dissolution
reactions which occur whenever an alkali glass is exposed to water, is
important when trying to analyze what happens for the very complicated
rad-waste glasses. Second, the development of nuclear reaction analysis
for H and backscattering for other elements to characterize changes in
surface composition (both leaching and etching) has obvious application
to the characterization of the weathering rates of rad-waste glasses.
Indeed, these techniques are already being adopted in that community.
Third, the dramatic increase in etch rate of common soda-lime glasses in
saline solution with increased comcentration (paper K) was unanticipated
and may be important to consideration of rad~waste glass long ierm stor-
age environments. Finally, the study of radilation effects on the chemical

durability of glasses is also of interest to the rad-waste glass problem.
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ANALYSIS WITH HEAVY IONS
W.A. Lanford
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NUCLEAR REACTION ANALYSIS FOR HYDROGEN*

W. A. Lanford ¥ #
Department of Physics
SUNY Albany
1400 Washington Avenue
Albany, New York 12222

The use of resonant nuclear reactions to quantitatively measure hydro-
gen concentration vs depths in solids is described. The various reactions
and experimental procedures used and the capabilities of these methods of
hydrogen analysis are discussed. Application of these methods to a wide
variety of fields is mentioned.
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Invited paper presented at Symposium of Advanced Techniques for the Characterizaticz -7
Hydrogen in Metals, The Metallurgical Society of AIME Meeting, October 11-15,1981,

Louisville, Kentucky. ,
* Resesrch supported in part by a grant from the Office of Naval Research ]

+ An Alfred P. Sloan Foundation Fellow.




Nonequilibrium water permeation in SiO, thin films

Robert Pfeffer, Robert Lux, and Harry Berkowitz

U. S. Army Ela... onics Technology and Devices Labaratory (ERADCOM), Fort Monmouth, New Jersey

07703
W. A. Lanford and C. Burman

Department of Physics. State University of New York, Albany, New York 12222

{Received 6 January 1982; accepted for publication 21 February 1982)

Nuclear resonance profiling was used to measure the distributions of hydrogen incorporated into
dry SiO, films by thermal treatments in steam. Thermal oxides were grown on silicon to a
thickness of 260 nm in dry O, and were subsequently treated in steam at temperatures of 320 and
500°C for periods lasting between 390 and 6 X 10° s. The concentrations of hydrogen carried in by
permesting water were then profiled with 6.4 MeV "N ions using the resonant nuclear reaction
'H|'N, ay)'*C. Water was seen to penetrate the films rapidly and to slowly react with the SiO,
uniformly throughout the films. Two distinct stages were observed in the buildup of H, indicating
that the water/Si0, reaction involves at least two concurrent processes rather than a single-stage

process.
PACS numbers: 66.30. — b, 68.60. + g, 81.60.Dq

Thermal oxidation of silicon to form high-quality insu-
lating films of Si0, is an important process in modern elec-
tronic technology. The properties of the oxides formed by
this process have been found to depend critically on the pres-
ence of water absorbed in the films either during oxidation or
in subsequent high temperature processing. An example of
this is the recent observation' of morphological differences
between wet and dry ultra-thin metal-oxide-semiconductor
{MOS) gate oxides: wet films were seen to be free of the mi-
cropores present in dry films and showed better breakdown
resistance. Physical models of the diffusion and incorpora-
tion of water in SiQ, bave received comparatively littie ex-
perimental testing. In an early study of water diffusion in
fused silica, Moulson and Roberts® proposed that the trans-
port invoived mobile OH groups arising from the reaction

H,0 + Si-O-Si=22SiOH, (1)
at the outer surface. They modeled the process with Fick’s
second equation using a constant effective diffusion
coefficient .

d [OH)/3t = D,V [OH], (2)
determining D,, by observing the time behavior of the total
OH content during the early stages of steam absorption and
vacuum desorption. An alternative model, proposed by Dor-
emus,’ was the transport of dissolved molecular water
through “doorways” between cells or interstices in the
petwork, with the SiOH groups produced by reaction (1)
being immobile. He also assumed (a) that the reaction pro-
ceeded rapidly compared to diffusion, aliowing the equilibri-
um concentrations of diffusing water and SiOH groups to be
related by the law of detailed balance

[H,0} = [OH}/K 2, (3)
and (b) that the water concentration and its time derivative

were negligible compared to those for SiOH. These assump-
tious led him to model the process with the concentration-

dependent diffusion equation
d[OH)/dt = 2D /K)VIOH]:, 4)

4329 J. Appl. Phys. SU8), June 1962
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where Dand D, arerelated by D, = 2D [H,0)/[OH]. This
produced a much better match to the (OH] profiles mea-
sured by Roberts and Roberts® in fused silica than is possible
with a solution to Eq. (2). (A profile measured by Moulson
and Roberts was insufficiently precise to distinguish the two
models.) This model, unlike the carlier one, also implies a
larger effective diffusivity for absorption than for desorp-
tion, consistent with the measurements of Moulson and Ro-
berts. Doremus also used this model to treat the steady-state
steam oxidation of silicon,® relating the temperature and
pressure dependence of the parabolic oxidation-rate con-
stant to that of D,y

Doremus® model applies to the regime where equilibri:
um has been established between [H,0} and [OH]). Our pre-
vious observations® of tracer '*O exchange during water dif-
fusion at relatively low temperatures were generally
consistent with this modet. However, we saw evidence of a
systematic trend toward anomalously low exchange rates
during the early stages of absorption in dry oxides. This sug-
gested that the [OH] had not reached its saturation value,
contrary to our expectation from Eq. (4) that it should have
reached it on a time scale of x3/D,q, Where x, is the film
thickness. We therefore decided to investigate the early be-
havior of water absorption in dry oxides.

Samples were prepared by forming thermal oxide films
in nominally dry O, at 1100 C on (100, surfaces of 5 2 cm
(nominal) n-type silicon to a thickness of 260 nm. The sam-
ples were subsequently treated in flowing steam at 1 atm
according to the procedure described in Ref. 6. Formation of
additional oxide during the steam trestments was negligible.
The concentrations of hydrogen carried in by absorbed wa-
ter were then profiled with 6.4 MeV >N * * jons’ by detect-
ing the characteristic 4.4-MeV gamma rays from the reso-
nant nuclear reaction 'H{'’N, ay)'*C. The beam current was
about 40 nA and the beam spot was about 3 X 10 mm, pro-
ducing negligible sample heating. Data collection lasted
about 8 min at cach beam energy. The integrated ion-beam
current was 24 uC at each beam energy.

Detailed profiles of the near-surface regions showed

© 1962 American institute of Phyysics 4226

!




i —— -~

R AR I

e

Wrr-m -

Paper presented at "International Symposium on The Electronic

Structure and Properties of Hydrogen in Metals", March 4-6, 1982,
Richmond, Virginia. :

To be published in the proceedings, Editor P. Jena.

MEASUREMENT OF THREE DIMENSIONAL DISTRIBUTIONS OF HYDROGEN IN THIN
SAMPLES USING THE 'SN HYDROGEN PROFILING METHOD

W.A, Lanford* and C. Burman
Department of Physics
SUNY/Albany

Albany, New York 12222

ABSTRACT

The use of the '5N+‘H*‘2C+'He+y-ray resonant nuclear reaction,
vith “He particles recorded in plastic track detectors, is descrided
as a method of measuring full three dimensional distributions of H
in thin samples. To use this reaction to measure H concentrations,
the sample is bombarded with 15% ions at an energy greater than the
resonance energy at which the reaction occurs. As these ions pene-
trate the sample, they lose energy and reach the resonance energy
at some depth. The yield of “He particles from the reaction is
proportional to the concentration of hydrogen at that depth. By
recording the He particles in plastic track detectors, an autoradio-
graph of the lateral hydrogen distribution at the resonance depth (a
obtained. Limitations and potentials of this method are discussed
along with some reasurements of distributions of H ion implanted
into silicon.

INTRODUCTION

Analysis for hydrogen is notoriously difficult, It's atomic
charge is too small for Auger or x-ray methods, and it is mobile
and so common a contaminant in vacuum systems that many ion beam
techniques are unsatisfactory. The cne quantitative technique which
has become widely used ove. the past five years is nuclear reaction
analysis (NRA).

+An Alfred P. Sloan Foundation Fellow
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THF STIENTITIC BASIS FOR HUCLEAR WASTE MANAGEMENT
Stepher V. Topg, edator Ml

“UTY OF GLAZS DURABILITY:

J4 EFFEOTS

Jerart-ent of frysies, CLNY/Albany, Albany, N.Y. 12222

- e

AZ3TRACT

Luclear reaction analysis, Rutherford backscattering and
ion inflantaticn techrigques are mprlied to the study of the
react1on tetween slass and ajuevus solutions. The use of
tnece techriques is described as are sore of the results
ottaired. JIolutions cf laCl are seen to etch some glasses .
L orders of masnitude faster than distilled water.
ion lscsce createcd by high enersy heavy ion borbardment
=en LC have rreat erfects on the renetration of hydrogsen
(wuter) into cluss.

Yare gt e e

INTRIIVCTION

Glass is cne of the rost durable materials cormonly made. Indeed, it is
becuuse o its cursbility and eamse of manufecture that glass has been commonly
uzec to ruke containers for both comrmercial and scientific wares for thousands
uf yenrs. The relatively recent need to develop materials to consolidate and
isolute radivactive wastes for long periods of time presents new challenges both
for more durable muterials and for new procedures for characterizing durability.
Centra. to the guestion of glass durability is the reaction between water (or
aj.ezus solutions) and zlass. The present paper describes the application of
ion learm analysis techniques to the study of the reactions between water and
Filuss and presents some of our results.

wnile it is glass's durability that makes it an interesting material, it is
this same projerty that makes it difficult to study the chemical reaction
between water and glass. Traditional analytical methods become difficult to
arply when the amount of reaction product becomes too small. While a number of
clever techniques have been developed to obviate these difficulties, generally
these methods rely on rather indirect evidence to try to deduce what is hap-
veninyg at the glass-water interface. However, by applying ion beam analysis
technigues, such as Rutherford backscattering spectroretry and nuclear reaction
aralysis, cne can measure the concentration vs dérth of the active elements
(suech ss H, la, K, Ca, Cs, etc) at and near the surfaces of glasses which have
been exposed to water, These techniques not only are quantitative but also hawe
wood sensitivity ani depth resolution, and, hence, can frovide key information
useful to helr understand the meehanisms which govern this chemical reaction.

In aidition, by using ion implantation to imbed a "marker" into a glass
sample which is .ubsejuently exposed to an aqueous soluticr, one can measure the
dissciution (etc:n) rate of rlasses with great sensitivity.

-
hesearch supjorted in part by the Nffice of YNaval Pesearct (R. Pohanka),

+
An Alfred P, .lnan Foundation Fellow.
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Hydrogen content of a variety of plasma-deposited silicon niirides

Ray Chow

National Semiconductor, 2900 Semiconductor Drive, Sanla Clara, California 95051

W. A. Lanford® and Wang Ke-Ming"

" Department of Physics, SUNY/Albany, 1400 Wa‘xhingwa Avenue, Albany, New York 12222

Richard S. Rosler

Advanced Semiconductor Materials, 4302 E. Broadway, Phoenix, Arizona 85040
- {Received 12 February 1982; accepted for publication 20 April 1982)

The hydrogen contents and etch rates have been measured for plasma-deposited silicon mlndes
made in nine different commercially available reactors as well as for some low pressure chemical
vapor deposited nitrides. The hydrogen contents vary from 4% to 39% (atomic). A correlation is
observed between etch rate and hydrogen content, with etch rates varying over three orders of

magnitude.
PACS numbers: 61.70.Wp

1. INTRODUCTION

*Silicon nitride” made by a variety of plasma-enhanced =~

deposition processes is gaining increased use in the fabrica-
tion of microelectronic devices. While it is widely recognized
that the materials referred to as plasma-deposited silicon ni-
tride do not have a fixed stoichiometry but rather contain
varying amounts of Si, N, and H, investigations of effects of
various deposition conditions on stoichiometry have been
few. The paucity of studies results not from lack of interest
but rather from the difficulty of making quantitative analysis
of the composition, especially the hydrogen content, of these
thin film materials. Hydrogen is invisible to most of the tra-
ditional analytic methods, such as Auger spectroscopy or
Rutherford backscattering spectromctry, commonly used to
study thin film materials.

Nuclear reaction analysis—the one quantitative meth-
od available for measuring the hydrogen content of thin
films—has been applied in a few cases"? with the general
result that these materials contain large amounts of hydro-
gen, typically 10-35% (atomic). That is, in spite of the gen-
eric name silicon nitride, these materials contain essentially
as many H atoms as silicon or nitrogen atoms.

In previous studies of this material'-® researchers have
concentrated on studying the systematics of nitrides made in
a single reactor by varying deposition conditions (e.g., gas
pressures, flow rates, impurities, and substrate temperature).
It is difficult to draw universal conclusions valid for all plas-
ma-deposited silicon nitrides from such studies because of
different (and often difficult to monitor) deposition condi-
tions in different reactor designs. The present study attempts
to avoid this difficulty by studying films made both by vary-
ing reactor design and by varying deposition conditions for a
single design. Also included in this study are data from two
samples of low pressure chemical vapor deposition
{(LPCVD) silicon nitride.

From the study of the hydrogen content of materials
made by most of the commercially available reactors we ob-

“ Alfred P. Sioan Fellow.
“Permanent address: Shandong University, Physics Department, Jinan,

8630 J. Appl. Phys., Vol. 53, No. 8, August 1982  0021-8979/82/085630-04802.40

serve a seemingly universal relationship between hydrogen
content and buffered oxide etch (BOE) rate.

Il. EXPERIMENTAL PROCEDURE

_A. Film deposition

In one part of this study, silicon nitride films were pre-
pared in nine different reactors using the standard recom-
mended processing parameters. These reactors, identified by
the commercial vendors, are tabulated in Table 1. In most
cases, two samples from each reactor were independently
studied. In addition two samples were also prepared using

TABLE 1. H content and etch rate.

Sample H content At % Etch rate A/min
AMT 23* 224 200
AMT 28 212 190
ASM 29° 19.2 55
ASM 30° 19.2 60
Commonwealth Scient. 37 26.2 440
Commonwealth Scient. 38° 269 523
fonic System 59° 29.0 740
lonic System 62¢ 269 : 696
ET System 9* 224 120
LFEA' ’ 154 8s
LFEY 15.4 61
PWS 270 174 «0
PWS 00 194 45
Plasma Therm 25" 249 580
Plasma Therm 26" 248 560
Tegal 15 30.6 1220
Tegal 16 ) 30.7 1240
Si,N. B’ T4 6
Si,N, f? 4.6 12

* Applied Materials, Santa Clara, California.

* Advanced Semiconductor Materials, Phoenix, Arizona.
¢ Alexandria, Virginia.

“San Jose, California.

*Santa Clara, Californis.

"Waltham, Massachusetts.

§ Pacific Western Systems, Mountainview, California.

* Kresson, New Jersey.

‘San Jose, California.

! Advanced Crystal Scientific, San Jose, California.
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Technique for the quantitative measurement of the three-dimensional

distribution of hydrogen in solids
W. A. Lanford® and C. Burman

Department of Physics, SUNY/Albany, Albany, New York 12222
(Received 26 May 1982; accepted for publication 11 June 1982)

A technique for measuring full three-dimensional concentration profiles of hydrogen in solids is
proposed and demonstrated. The techniquc uses the resonant nuclear reaction

SN 4+ 'H—'2C 4 “He + gamma ray to probe for hydrogen in thin samples with the *He particles
emitted in forward directions used to form an autoradiograph of the lateral distribution of
hydrogen within the sample. Results from a demonstration example of H implanted through a

mask into silicon are reported.
PACS numbers: 61.70.Wp

Most modern analytical methods do not work for hy-
Jrogen because of its low Z and low mass. Because of this
ack of suitable analytic methods, because of the observation
=hat hydrogen appears to be a nearly universal contaminant
and because even small amounts of hydrogen can have dra-
matic effects on the properties of many materials, techniques
%or the quantitative analysis for hydrogen based on nuclear
-eactions have been developed and are now widely used.'™
These techniques have been very successful in determining
<he concentration versus depth of hydrogen but have not
“een able to measure the lateral distributions of hydrogen.
While most ion beam analysis techniques have been ex-
:ended to measure lateral distributions by focusing the inci-
3ent ion beam to a microbeam (typically of order 1-10 m)
aad rastering this beam across the sample, such microbeam
:achniques appear not to work reliably for hydrogen because
of hydrogen's high mobility in most materials. The high-
energy density in a microbeam can be expected to drive the
tvdrogen away from the analyzing beam.

An alterative approach, first demonstrated for deuter-
:um analysis by Ilic and Altstetter,’ is to bombard with a
:arge uniform ion beam and use the radiations from nuclear
~sactions to form a prompt autoradiograph of the lateral
Sistribution of deuterium within their sample. In many
aroblems, it is essential to analyze for 'H and not D because
of the common presence of 'H as a contaminant. Also, the
slatively poor depth resolution of reaction used by Ilic and
Altstetter makes the discrimination between bulk and sur-
<ace D difficult in many cases.

Because of the wide range of potential applications for a
method which is capable of measuring both the lateral and
3epth distribution of 'H in soliids, we searched for possible
auclear reactions which could be used. The requirements
were a narrow isolated resonance (for good depth resolution)
with a large peak cross section (for high sensitivity) yielding
s1 energetic “He particle which would have sufficient range
<=3t the incident ion beam could be ranged out, allowing the
“He particles to be detected in a low background.' The nu-
siear reaction '*N + 'H—+'1C + ‘He + 4.4 MeV gamma
=2y, which is widely accepted as the most generally useful
~saction for measuring depth profiles of hydrogen,? also
seems particularly well suited for measuring lateral H pro-

* alfred P. Sloan Foundation Fellow.

files using autoradiographic techniques. Many potential nu-
clear reactions cannot be used because of the requirement
that the emitted *He must have a significantly greater range
than the range of the incident ion beam.

The present procedure is an extension of the well estab-
lished "N hydrogen profiling technique.? In its usual appli-
cation, the >N hydrogen profiling technique makes use of
the narrow isolated resonance in the nuclear reaction:

BN + 'H—'C + ‘He 4 4.4 MeV gamma ray to measure
hydrogen concentration versus depth. To use this reaction as
a probe for hydrogen, the sample to be analyzed is bombard-
ed with '*N ions with an energy (£ ) equal to or greater than
the resonance energy (E, ) at which the nuclear reaction can
occur, and the yield of characteristics 4.4 MeV gamma rays
is measured. By measuring the yield of characteristic gamma
rays versus >N beam energy, the concentration of hydrogen
versus depth is quantitatively determined.

The extension of this procedure makes use of the ‘He
particles emitted in the nuclear reaction to determine the
lateral distribution of the hydrogen within the plane parallel
to the surface of the sample at the depth where E = E, . This
procedure is shown schematically in Fig. 1.

As indicated in Fig. 1, the sample is bombarded with
5N ions with E> E,. The sample must be in the form of a
“thin section™ with a thickness S 10 -20 zum. At the depth
where E = E, ,if there is hydrogen present,nuclear reactions

S

FIG. 1. Schematic representation of the autoradiographic technique for
measuring lateral distributions of H in thin samples.

U | Appl. Phys. Lett. 41(5), 1 September 1982  0003-8951/82/050473-03801.00 © 1962 American Institute of Physics a
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Abstract

REACTION OF WATER WITH GLASS: INFLUENCE OF A !
TRANSFORMED SURFACE LAYER i

R. H. Doremus and Y. Mehrotra* |
Materials Engineering Department 1

Rensselaer Polytechnic Institute
Troy, New York 12181

W. A. Lanford and C. Burman
Physics Department
State University of New York
Albany, New York 12222

Profiles of hydrogen and glass constituents were measured by nuclear
reaction techniques in a number of silicate glasses after hydration. The
results were interpreted in terms of interdiffusion of alkali and hydronium
ions, including the possibility of a transformed surface layer. Durable
glasses such as a commercial soda-lime and resium-alkali-lime glasses did

not have a transformed layer, whereas less durable glasses, such as a

soda-lime without alumina and a sodium-potassium-lime, did have a trans-
formed surface layer. When a transformed layer is incorporated in the
interdiffusion model, the diffusion coefficient of sodium calculated is

the same as found in the dry glass.

- ST = e e gt "




HYDRATION OF SODA-LIME SILICATE GLASS
EFFECT OF ALUMINA

T. A. Wassick and R. H. Doremus

Rensselaer Polytechnic Institute

Materials Engineering Department
Troy, New York 12181

W. A. Lanford and C. Burman
Department of Physics
State University of New York :

Albany, New York S

ABSTRACT

Profiles of the elements in the surfaces of hydrated soda-lime silicate
and soda-lime aluminosilicate glasses were measured with a resonant nuclear
reaction (hydrogen) and Rutherford backscattering. The profiles were con-
sistent with interdiffusion of sodium and hydrogen-bearing ions. Inter-
diffusion in the glass without alumina was faster, presumably because it
had a transformed surface layer. A small amount of preferential leaching

of calcium was detected in this glass.
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Radiation Damage Echancement of tae a)
Penetration of Water Iato Silica Glass

C. Burman and W.A. Lanrordb)

Department of Physics
SUNY/Aibany

1400 Washington Avenue

Albany, New York 12222

Abstract:

A dramatic increase in the rate of penetration of water into
silica glass as a result of ion implantation with noble gas ions is
reported. The damage caused by the implantation leads to the rapid
uptake of watar to a saturation concentration of hydrogen of
approximataly loaaatoms/cm3. The effects of ion implant dose and
ion mass are investigatad. The results irdicate that the mechanism

responsible for this enhanced penetration is ths creation of chemically

reactive defacts which greatly enhance the reaction between the water

and the silica network.
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Effects of Salt Ions in Solution on the Reaction Between Water
and Glass*

C. Burman and ¥.A. Lanford.
Department of Physics
SUNY/Albany
1400 Washington Avenue
Albany, New York 12222

Abstract

The effect of salt ioms in solution on the reaction between
wvater and a commercial soda-lime glass is investigated., It is seen

that under otherwise identical conditions, glass etches orders of

magnitude faster in saline than in pure distilled water. Ca is also

! seen to be preferentially leached when exposed to saline but not ]

© e W w
N S

vhen exposed to distilled water, Glass radiation damaged dy ion

implantation of noble gases etches somewhat faster in saline than

1 unimplanted glass.

el

+Research supported by the Office of Naval Research (R. Pohanka).

®An Alfred P, Sloan Foundation Fellow.
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Paper presented at the "Advances in Materials Characteriza -
tio
~ Conference, August 15-18, 1982, Alfred University, Alfred, New York. ?

To be putlished in the proceedings.

NUCLEAR REACTION ANALYSIS OF GLASS SURFACES: THE
STUDY OF THE REACTION BETWEEN WATER AND cLass®

W.A. La.nford‘H' é.nd C. Burman

Department -of Physics, SUNY/Albany
Albany, New York 12222

R.H. Doremus, Y. Mehrotra and T. Wassick

Materials Engineering, R.P.I. -
Troy, New York 12181

ABSTRACT

© e~ —— . o g

{
S j
. Analysis for hydrogen and other light elements is notor- ;
iously dQifficult by most traditional analytic methods. Because of k
this, techniques based on nuclear reactions have been developed
vhich can determine guantitatively the concentration profiles of
hydrogen, oxygen and other elements. The use of the 15N hydrogen f
profiling, resonant oxygen scattering, and backscattering spectro- !
_ scopy to study the changes in elemental camposition near glass !
“ surfaces as a result of exposure to aqueous solution will be

-

diecussed as will the importance of these data to our understanding
of the mechanisms of the reaction between water and glass.
Cambining these nuclear reaction techniques with electramigration j
] or ion implantation to introduce "markers" makes it possible to :
study dissolution rates directly and to study the effects of ion ;
implantation on both the ionic exchange and dissolution rate of
glasses exposed to water 4

+Research supported by grants from the Office of Naval Research
at Albany and from the NSF at RPI.
++An Alfred P. Sloan Foundation Fellow.
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Presented at International Conference on Ion Beam Modification '6f
Materials, Grenoble, France, September.6-10, 1982, to be published
in Nuclear Instruments and Methods.

wwwae - Effects of Ion Implantation on the Reaction
Between Water and Glass +

W. A. Lanfard“ and C. Burman
Department of Physics
State University of New York at Albany
Albany, New York 12222

Abstract

The effect of ion implantation on the reaction betw_een water and twvo glasses
(fused silica, a commerical soda-lime glass) is investigated. Implantation of
noble gas ions is seen to incresse dramatically the rate of penetration of water
into s1oz.. The rate of penetration of water (hydrogen) m;o soda-lime jhu is
seen to ﬁcruu and then decrease with implantation dose. Etch rates at 9o°c

in water and saline for implanted and unimplanted glasses are reported.

+ Research supported in part by a grant from the Office of Naval Research.

'H'M Alfred P. Sloan Foundation Fellow.




